Introduction
Storage of organic carbon in the sediments of blue carbon habitats represents a long-term atmospheric carbon sink. However, burial is often a relatively minor component of the overall carbon budget. For example, organic carbon burial accounts for only approximately 10% of the net primary production of mangrove forests and saltmarsh [1] [2] [3] , and approximately 30 -50% of seagrass net primary production [4] . The remaining organic carbon fixed by these ecosystems is exported, where it can be returned to the atmosphere as CO 2 , buried, or remain in the ocean.
Originally hypothesized [3] , and later quantified [5] [6] [7] , dissolved inorganic carbon (DIC) and total alkalinity (TAlk) exports to the coastal ocean can be a significant component of mangrove ecosystem carbon budgets. A portion of this carbon will be emitted to the atmosphere as carbon dioxide, and a portion will remain in the ocean as DIC, which has an extremely long residence time (ca 100 000 years [8] ).
In addition to lateral exports of carbon, blue carbon systems may produce or consume the potent greenhouse gases CH 4 and N 2 O, which have a sustainedflux global warming potential of 96 and 250 times greater than carbon dioxide over a 20-year period, respectively [9] . Therefore, CH 4 and N 2 O emissions may act as a significant offset to carbon burial. Currently the blue carbon paradigm is tied to reducing the atmospheric burden of carbon dioxide. Whether the fluxes of other greenhouse gases are important remains unresolved.
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Here, we present the results of an intensive field campaign in a subtropical mangrove ecosystem that quantified dissolved and particulate carbon exchange with the coastal ocean, along with CH 4 , N 2 O and CO 2 fluxes from the water column and exposed sediments. These data were compared to previously published carbon burial rates from the same site. We assess the relative importance of lateral exchange of DIC and TAlk as a long-term atmospheric carbon sink, and determine the carbon burial offset associated with fluxes of methane and nitrous oxide.
Material and methods
The study was conducted within Southern Moreton Bay, on the East Coast of Australia (electronic supplementary material, figure S1 ). Over a 3-week period in November 2013, a Eularian approach was used to determine exchange of carbon (DIC; dissolved organic carbon, DOC; and particulate organic carbon, POC), TAlk, N 2 O and CH 4 [5] . Continuous measurements of water column CO 2 , CH 4 and N 2 O were undertaken at the mouth of a creek and at an upstream location (data originally reported elsewhere [10, 11] ) using cavity ring down spectroscopy. Three 27h time series were undertaken to determine the lateral exchange of DIC, TAlk, DOC and POC. Discrete samples were collected hourly and exchange (import during flood and export during ebb) was calculated as a function of water exchange and concentration, integrated over two flood-ebb tidal cycles.
A portion of the DIC exported from the mangrove catchment will be emitted to the atmosphere. To estimate this, we calculated the theoretical DIC concentration at atmospheric equilibrium using TAlk, a water column CO 2 partial pressure value of 410 matm, measured salinity and temperature using the CO2SYS program [12] , with DIC excess calculated as the difference between in situ DIC and theoretical equilibrium DIC [13] . The difference between the total DIC export and the DIC excess export is assumed to be the DIC that remains in the oceanic carbonate pool following atmospheric equilibrium.
The fluxes of CO 2 , CH 4 and N 2 O from exposed sediments (including crab burrows and pneumatophores) were assessed using a dynamic closed chamber method, with air continuously cycled between the chamber and a cavity ring down spectrometer (Picarro G2308) and Licor 840. A total of 35 chamber incubations were undertaken at five locations throughout the catchment (electronic supplementary material, figure S1 ). Flux rates for individual gases were averaged, multiplied by the time-dependent exposed area and integrated over the experiment to determine total emissions/uptake.
Further details on methods and calculations are presented in the electronic supplementary material.
Results
The dominant term in the mangrove forest carbon budget was DIC export, accounting for nearly half of the carbon exchange (figure 1). The flux of CO 2 from sediments and the water column accounted for approximately 20%, while POC and DOC export contributed approximately 15% and 13%, respectively. Organic carbon burial accounted for approximately 7% of the carbon budget. The sum of these terms gives an indication of ecosystem gross primary production (excluding wood and root biomass accumulation, which are likely in steady state in the mature mangrove forest) and gives a value of approximately 2008 g C m 22 yr
21
, which is very similar to the global estimates of [1] (2087 g C m 22 yr
), giving confidence in our estimates. Additional details on the results are presented in the electronic supplementary material.
To determine the relative importance of the various sources and sinks of carbon and greenhouse gases on the net radiative forcing effect, we used the sustained-flux global warming potential (SGWP) and sustained-flux global cooling potential (SGCP) factors for CH 4 and N 2 O over a 20-year time frame (figure 1). We exclude fluxes of CO 2 from the water and sediments to the atmosphere as these are essentially recycling terms, i.e. a return to the atmosphere of CO 2 originally fixed through primary production. The largest sink was the net DIC export (i.e. total DIC export 2 DIC excess export), which was approximately 1.7 times higher than burial. Water column N 2 O uptake was equivalent to approximately 3% of burial. The fluxes of CH 4 and N 2 O (from the sediments only) offset approximately 9% of the burial value, but overall the net radiative forcing effect of the mangrove forest was negative (equivalent to the uptake approx. 4 g CO 2 m 22 d
).
Discussion
There has been a significant growth in blue carbon research effort, however few studies have quantified lateral exports 
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) and the sinks and sources of atmospheric radiative forcing over a 20-year time horizon using the sustained-flux global cooling potential (SGCP) and sustained -flux global warming potential (SGWP) for CH 4 rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180200 and greenhouse gas fluxes in conjunction with sediment organic carbon burial (electronic supplementary material, figure S5 ). Here, we have integrated the dominant sources and sinks of atmospheric greenhouse gases along with organic carbon burial to gain a greater insight into the potential role that mangrove forests may play in mitigating climate change (figure 2). It is typically assumed that methane and nitrous oxide fluxes from mangrove ecosystems are negligible due to the low nitrogen [11] and high sulfate concentrations [14] . Our results indicate that CH 4 fluxes offset approximately 6% of the carbon sequestered through burial when accounting for the SGWP. Interestingly, the water column was found to be a sink for N 2 O, while the sediments were a source, and these values were nearly balanced. This highlights the importance of integrating sediment and water column pathways when accounting for catchment-scale fluxes.
POC and DOC export were large terms in the mangrove ecosystem carbon budget (figure 1), and were approximately two times greater than the burial rate in this catchment. The role that this carbon plays in sustaining coastal food webs has received attention since the pioneering work of Odum [15] . Considerably less attention has been paid to these exports in terms of a long-term sink of atmospheric carbon, likely due to the difficulty in determining transport and degradation dynamics within the coastal ocean. About 33% of the DOC and 15% of the POC exported from seagrass habitats may escape remineralization, and be sequestered in the deep ocean [16] . However, mangrove detritus appears to be more resistant to degradation than seagrass leaves [17] . Nonetheless, if we use the low-end estimates of [16] and a similar ratio is applied to our data, then POC and DOC export combined could sequester a similar amount of atmospheric carbon to burial (figure 2).
The export of DIC was a significant term in the mangrove ecosystem carbon budget, as previously reported [3, 5, 7, 18] . While clearly a majority of this carbon is returned to the atmosphere as CO 2 , the results from this study suggest that the concurrent export of TAlk allows for some of this DIC to remain within the coastal ocean. The export of TAlk from mangrove forests has recently been estimated to be globally significant [6] , and appears to be a common feature of many mangrove ecosystems due to high rates of anaerobic respiration within the sediments [19] . At our study site, the concurrent export of TAlk and DIC resulted in the largest sink of atmospheric greenhouse gases, accounting for approximately 63% of the total sink (figure 1). The residence time of DIC in the ocean is approximately 100 000 years [8] , thus this pathway represents a long-term sink that should be accounted for when assessing carbon sequestration within mangrove ecosystems. Currently, data on this lateral export of DIC and TAlk are available only for a limited number of systems. As this dataset grows, modelling approaches incorporating primary production, sediment carbon sequestration rates, climate and hydrology may be able to unravel the local, regional and global importance of this atmospheric carbon sink.
As a first attempt to assess the potential importance of DIC and TAlk export as a long-term atmospheric carbon sink, we attempt a back-of-the-envelope calculation. Assuming the ratio between burial and the oceanic DIC sink in our study is indicative of mangrove ecosystems generally, and using the global organic carbon burial rate of 26.1 Tg C yr 21 [2] , then the carbon sink associated with DIC and TAlk export may reach 45 Tg C yr 21 . Clearly, a large range of factors will determine the export of DIC and TAlk from mangrove forests, however, the potential importance of this pathway warrants further detailed studies. Saltmarshes also export significant TAlk and DIC to the coastal ocean [20] , and we suspect that DIC export may also be a significant long-term atmospheric carbon sink from these ecosystems. We hypothesize that the relative importance of the DIC sink will increase into the future through biological and physical mechanisms. First, rising temperatures may stimulate enhanced respiration, lower sediment carbon density and lower burial rates [21] , thus increasing the relative proportion of carbon exported as DIC. Second, assuming the same ratio of TAlk and DIC exported as the current study, the higher soil emissions CO 2 Figure 2 . Conceptual model of the major carbon and greenhouse gas pathways and flux rates in the studied mangrove catchment. All rates are in g CO 2 equivalents m 22 d 21 over a 20-year time frame using the SGCP and SGWP for CH 4 and N 2 O [9] . *N 2 O creek emission includes the lateral exchange term.
rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180200 equilibrium pCO 2 into the future will increase the exported DIC sink, as less CO 2 will be emitted back to the atmosphere (i.e. the DIC excess will be lower). Using our data as a baseline, under atmospheric CO 2 concentrations of 1000 ppm (expected before the end of the century under the RCP 8.5 scenario [22] ) this sink would increase by around 20% (electronic supplementary material, figure S6 ).
Conclusion
The concurrent export of DIC and TAlk from a mangrove forest to the coastal ocean was the greatest sink of atmospheric greenhouse gases (approx. 63% of total figure 2). POC and DOC export to the coastal ocean were also significant terms in the carbon budget, but further work on longterm mineralization rates during oceanic transport is required to adequately constrain their importance as atmospheric carbon sinks. CH 4 emissions offset burial by approximately 6%, while the overall effect of N 2 O fluxes was minimal due to the sediment emissions being in near balance with the water column uptake. We argue that incorporating these lateral exchanges and non-CO 2 greenhouse gas fluxes is important in determining the role of mangrove forests and other blue carbon ecosystems in mitigating climate change.
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